The corrosion resistance of duplex stainless steel welded joints is affected by different parameters such as filler metal chemical composition, heat input, shielding gas composition and post welding heat treatment temperature. In most cases such parameters interact with each other so that it is very difficult to foresee their effect on corrosion resistance of welded joints without specific experimental tests. In this work the best combination of shielding gas composition and post welding heat treatment temperature that guarantees the corrosion resistance of the joint according to ASTM A932, method C, was found. Two shielding gases were tested during welding, Ar (100%) and a mixture of Ar (87%), He (10%) and N (3%), while the solution temperatures were 1050 °C and 1070 °C. It was found that only the samples welded with the mixture of Ar (87%), He (10%), N (3%) as shielding gas and solution heat treated at 1070 °C passed the corrosion test completely.
alone is not sufficient to guarantee reformation of austenite during welding because of the short times involved [8] . As pointed out by Hertzman et al. [9] it is important to maintain a high concentration of nitrogen, which diffuses much faster than nickel and makes austenite reformation more efficient. Not only does nitrogen enhance the reformation of austenite but also helps to achieve equal corrosion resistance in austenite and ferrite. Hence, it is quite essential to prevent nitrogen loss from occurring during welding. This is particularly a risk when the shielding gas is devoid of nitrogen. Because of this tendency, nitrogen is often added to the shielding gas. It is a delicate task to find a nitrogen concentration that is compatible with the nitrogen activity in the weld metal. Nitrogen also redistributes within the weld but the time available is short and there may not be sufficient time for all nitrogen to escape from the ferrite, which then becomes supersaturated. The formation of chromium nitrides in the ferrite is, therefore, a potential problem. Another potential problem is the formation of secondary austenite. In the present investigation, nitrogen loss and formation of secondary austenite are the central issues.
Materials and Methods
The joints under investigation were obtained from longitudinal hybrid Plasma-TIG welded pipes (external diameter 219 mm, thickness 12 mm and length 1196 mm). The pipe to be welded passes first under the plasma beam (with filler metal) and then under two TIG arcs (Fig. 1a) . The first one, within the pipe, is used as root welding (without filler metal) and the second one, above the seam, is used as capping pass (CP) (with filler metal). The parent metal (PM) chemical composition matched that of the duplex stainless steel (DSS) UNS S31803 (Table 1) while the filler metal (FM) (ER2209) had a composition shown in Table  2 . In order to guarantee an interpass temperature below 150 °C and avoid secondary phases precipitation, the pipe was cooled with a mixture of water (98%) and vegetable oil (2%) after both the plasma welding and the capping pass (Fig. 1a) . In all the tests, the shielding gas used DOI during the inner welding was maintained always the same (95% Ar, 5% H). Hydrogen in shielding gas allows to increase the energy transferred by the arc to the joint and inhibits the oxides formation on the surface. However, because of its possibility to brittle the ferrite phase, its amount must be limited. Two shielding gases were tested during plasma and capping TIG welding: Ar (100%) and a mixture of Ar (87%), He (10%) and N (3%) named in this work shielding gas 1 (SHG1) and shielding gas 2 (SHG2), respectively. SHG2 was designed to enhance a better-balanced microstructure above all in the HAZ (thanks to the presence of N [9] ) and to increase the energy transferred to the weld pool thanks to the presence of He. After welding, a solution heat treatment was carried out on pipes using an induction heating. In order to evaluate the influence of post welding heat treatment (PWHT) parameters on corrosion resistance of the joints, two different solution temperatures were tested: 1050 °C and 1070 °C. The holding time at the maximum temperature (1050 °C or 1070 °C) was kept always the same (60 s). Because of their low thickness, the pipes reach the target temperature in few seconds. Furthermore, in order to prevent any secondary phases precipitation, they are immediately water-quenched at the end of the heating stage. After PWHT the pipes were pickled in a chemical solution containing HF (45 g/l) and H2SO4 (180 g/l) at a temperature of 45 °C for 6-8 h. Finally, the pipes underwent a passivation treatment in a solution containing HNO3. The microstructure of the samples was investigated by means of both optical microscope (OM) and environmental scanning electron microscope (ESEM) equipped with an energy-dispersive spectrometer (EDS). The samples observed with OM were etched by using a solution of H2O (80 ml), HCl (20 ml) and KHSO4 (1 g). Micrographs were quantitatively analysed by using the Leica QWin image analyser. The corrosion tests were carried out following the Standard ASTM A932, method C. The PM was characterized by a balanced ferrite/austenite microstructure (52%/48%). Table 3 summarized the welding parameters chosen on the base of welders experience. It is observed that because of the presence of He in SHG2, the heat input was lower when using SGH2 compared to SHG1. 
Results
Figs. 2 and 3 shows the micrographs of the fusion zone (FZ) in the three main zones of the bead (Fig. 1b) of the as-welded joints: the upper zone, induced by the cosmetic TIG welding, the intermediate zone, induced by plasma welding (PW) and the inner zone induced by the TIG welding inside the pipe. In particular, Fig. 2 shows the micrograph of the as-welded joint obtained with Ar as shielding gas, while Fig. 3 the micrographs of the joint obtained with a mixture of Ar (87%), He (10%), N (3%) as shielding gas. Ferrite proportion was measured by image analysis and each value is the average of eight fields at 200 magnifications. Results of ferrite proportion in the as-welded joints as a function of shielding gas composition are summarized in Fig. 4 . (Fig. 1b) ; (as-welded joint, SHG1) The results of ferrite quantification in the different zones of the bead as a function of shielding gas composition and solution temperature are summarized in Fig. 7 . Thanks to the rapid heating and cooling, no secondary phases were detected in post-welding heat-treated joints [10, 11] . Since the PWHT is become a common practice in industry that produces pipes in duplex and super-duplex stainless steel, the corrosion tests were carried out only on heat-treated samples.
Comparison between heat-treated and as-welded joints corrosion properties can be found in literature [12] [13] [14] . Four samples for each combination of solution temperature and shielding gas composition were tested. Fig. 8 summarized the results obtained. A straight line is also plotted which defines the exceeded limit of the test (weight loss, 1 g/m 2 ). It is observed that only the samples coming from pipes welded with the mixture of Ar (87%), He (10%), N (3%) as shielding gas and solution treated at 1070 °C have completely passed the corrosion test. Furthermore, shielding gas composition seems to have a major influence on corrosion resistance of the joint than the solution temperature. The weakest area of the weld bead was the FZ induced by the capping TIG pass. In order to detect which phase is attacked by corrosion first, a further corrosion test was performed according to ASTM A923, method C, but in this case the test duration was reduced to 6 h compared to the standard 24 h. The sample was taken from a pipe welded with Ar (100%) and solubilized at 1050 °C since it showed the worst corrosion behaviour. 
Discussion
The different obtained ferrite phase amounts in the three different zones of the bead (Fig. 4) of the as welded joints are related to Ni reached filler metal, cooling rates, shielding gas chemical composition and heating induced by the subsequent welding passes. In particular, the microstructure resulting by plasma welding is the most affected by the reheating induced by the successive two TIG welding passes (Figs. 2b and 3b) . This is the reason why only the fusion zones induced by plasma welding and inner TIG welding of as-welded joints are characterized by secondary austenite precipitation. It is observed also that the highest amount of ferrite in FZ2 (Fig.1b) is due to the absence of Ni-rich filler metal during welding. Both secondary and primary austenite amount is higher in joints welded with SHG2 due to the nitrogen enrichment. From Figs. 2 and 3 it is noted how nitrogen coming from SHG2 enhanced the austenite precipitation also in FZ2. Finally, the solution heat treatment at both 1050 °C and 1070 °C promotes a more balanced microstructure also in FZ3 (Fig. 7) . Intragranular colonies of secondary austenite showed a needle-shape morphology, being formed at temperatures higher than 650 °C [15] [16] [17] (Figs. 5-6 ).
The absence of nitrogen in SHG1 induced a higher amount of ferrite after each welding pass compared to the joints welded with SHG2. Such ferrite remains supersaturated with austenitizing elements that promote primary austenite growth and secondary austenite precipitation during the subsequent heating induced by both welding and heat treatment. The amount of ferrite phase transformed into secondary austenite was approximately quantified by measuring the area characterized by secondary austenite precipitation. The mean value of 20 fields at 200 magnifications for the samples heat treated at 1050 °C and welded with SHG1 and SHG2 was found 24±8.12 % and 8±4.29%, respectively. It is noted from Fig. 9 that the corrosion process attacks only the austenitic grains. In particular, it starts from secondary austenite (Fig. 9a) and than it involves primary austenite. As a matter of fact, in literature secondary austenite is found poorer in Cr, Mo and N compared to primary austenite [8] and thus more easily attacked by pitting corrosion. Table 4 summarizes the estimated values of Cr and Mo in different zones of the microstructure of the sample showed in Fig. 9 by EDS analysis (each value results from the average of ten measurements). The influence of shielding gas composition on corrosion properties of the joints can be quantified by calculation of the PREN value using data coming from spectrometer analysis without differentiating the single phases. As a matter of fact, data from spectrometer analysis on the capping zone of as-welded joints give PREN values of 33.65 and 36.9 for the joint welded with SHG1 and SHG2, respectively. About the influence of the solution temperature on corrosion resistance of the joints, it was supposed that nitrogen redistributes in austenite during the heat treatment enriching the secondary austenite better at 1070 °C than 1050 °C. By comparing samples heat treated at 1050 and 1070 °C, a significant variation in the substitutional alloy elements (Cr, Mo) repartition between ferrite and austenite (primary and secondary) was not observed.
Conclusions
The effect of shielding gas composition and solution temperature on corrosion resistance of DSS welded joints was studied. The main results obtained can be summarized as follows: 1. Corrosion attack started from secondary austenite characterized by the lower amount of the substitutional elements, Cr and Mo. 2. Only the samples welded with the mixture of Ar (87%), He (10%), N (3%) as shielding gas and solution heat treated at 1070 °C have passed the corrosion test completely. This was attributed to both the nitrogen alloy enrichment and repartition between secondary and primary austenite during the solution heat treatment. 3. Better corrosion resistance of the joints welded with SHG2 compared to those welded with SHG1 was attributed to the nitrogen enrichment that increases the PREN value and reduces the secondary austenite amount.
